Abstract: A fully-integrated, dual-band, high gain, low noise amplifier designed for 802.16a WMAN standard is presented. The targeted frequency bands include un-licensed band UNII 5 GHz and licensed band Int'l 10 GHz. Our LNA design adopts wide band input matching scheme with adjustable load to achieve an area-efficient dual-band low noise amplifier. The LNA has also achieved the gain and noise figure of 16.1 dB and 3.6 dB at 5 GHz, and 15.7 dB and 7.6 dB at 10 GHz. Additionally, the input reflection coefficient is −7 dB and −16.5 dB, and the IIP 3 is 1.8 dBm and 1.1 dBm at 5 GHz and 10 GHz, respectively. Utilizing the 0.18 µm CMOS process, the LNA dissipates 14.4 mW using a 1.8 V supply voltage.
Introduction
With growing demand for wireless application products, the low cost and high integration have become important. Multi-standard radio frequency transceivers are predicted to play a critical role. IEEE802.16a Wireless Metropolitan Area Networks (WMANs) standard published in April 01, 2003 for urban area coverage wireless access as the "last mile" solution. It addresses frequencies from 2 GHz to 11 GHz, including licensed and un-licensed bands. We design our LNA in the un-licensed band UNII 5 GHz and licensed band Int'l 10 GHz. Two ways can approach the goal, wideband and multiband structures. Standard receiver architectures, such as superheterodyne and zero-IF receivers, limit available bandwidth and robustness to channel variation of system, or accomplish high selectivity and sensitivity for wide band. Wideband circuits are more sensitive to out of band signals due to nonlinearity of transistors. As several bands are neighbor, wideband architectures are highly desirable in standard receivers for maximum utilization of the available bandwidth [1] . In this work, a fully-integrated dual-band CMOS LNA in 5 GHz and 10 GHz is presented. Our low noise amplifier design adopts wide band input matching scheme.
Standard Overview
For years, the widely successful 802.11x wireless LAN technology has been used in broad band wireless access (BWA) applications. When the WLAN technology was examined closely, it was evident that the overall available designs and feature set were not well suited for outdoor BWA applications. It could be done but with limited capacity in terms of bandwidth, subscribers and a host of other issues which made it clear this approach was a poor fit for outdoor BWA. Consequently, IEEE developed the IEEE 802.16 standard, which heralds the entry of broadband wireless access as a major new tool in an effort to link homes and businesses to core telecommunication networks worldwide. IEEE 802.16a system addresses frequencies from 2 GHz to 11 GHz, including licensed and un-licensed bands.
The first step is to choose the radio frequency band that system is designed accordingly. This frequency band may be licensed or unlicensed. In order to take advantages of license-exempt bands, such as lower cost and more worldwide options, and since the unlicensed national information infrastructure (UNII) have become increasingly popular and important, we choose UNII band (5.15-5.35 GHz), also we choose Int'l (10.00-10.68 GHz) as a licensed band for designing our multiband low noise amplifier.
Low Noise Amplifier Design
One of the difficulties in the design of a multi-band application transceiver is the realization strategy. Many LNA topologies for multi-band applications have been proposed in the literature. The most popular method [2] is to employ a LNA for each band. The advantage of this approach is that the performance of each LNA can be optimized for the interested band, while this technique may suffer from area and cost issues. Utilizing a common-gate stage is another way of realization a wide-band LNA. However, the common-gate topology usually has relative higher noise figure than the previous approach. A concurrent multi-band LNA [3] based on inductor degeneration technique can achieve a relative lower NF . As such, this topology is usually adopted, especially for systems with less noise figure budget [4] .
Input Matching
In order to receive the desired frequencies 10.34 GHz and 5.25 GHz, the LNA is designed based on the wideband input matching topology. It is well known that a doubly-terminated LC-ladder filter offers constant input resistance and gain across an arbitrarily wide passband. Consider, for example, a simple lowpass LC section terminated at one port by a resistor R. The values of L, C and R determine the cutoff frequency ω U . The input impedance of this network is uniformly R up to the passband edge, ω U , beyond which it is reactive. This lowpass ladder network may be transformed to bandpass by replacing L with a series L-C branch and C with a shunt L-C branch. To cover the UWB band, the passband (ω L , ω U ) centered on ω 0 must span 5 to 10 GHz. When the passband ratio (ω L − ω U )/ω 0 > 1, the values of the reactive elements are related to the cutoff frequencies as follows: [5] . Now the right half of this bandpass ladder consists of the very same elements, that is, L 2 , C 2 , and R in series, which comprise the small-signal equivalent circuit at the gate terminal of a degenerated transistor as shown in Fig. 1 ., where
By adding a shunt branch L p , C p at the base, the ladder network is completed, and the desired wideband impedance match is obtained. Instead of a resonator, this matching network is based on a doubly-terminated LC ladder. In fact, the input impedance Z in is embedded in 2 nd order bandpass LC ladder filter to resonate its reactive part over the whole band, from 5 GHz to 10 GHz [5] . For flexibility of the design, an inductor L g is placed in series with the gate, and a capacitor C par is added in parallel with the gate-source of the amplifying transistor. The source degeneration topology synthesizes an input impedance with a real part equal to g m L s /C p , where C p = C par + C gs , to be matched with the source resistance R s . Fig. 1 . Input matching network using a 2 nd order bandpass LC-ladder
Band Selection
The schematic of the proposed multi-band LNA is shown in Fig. 2 . Load inductors, L multi , are switched for the desired band to tune the parasitic capacitor at the output node. To reduce the area occupied by the inductors, they are lumped together using a 4.5-turn multi-tap spiral inductor. The digital codes D 1 D 2 control the switches for the resonance frequency at each band, that is, for the UNII band (5 GHz) D 1 D 2 = 01, and for the Int'l band (10 GHz) D 1 D 2 = 11.
Fig. 2. Simplified schematic of the proposed multi-band LNA

LNA Design Details
The amplifier is a cascode self degenerated architecture. The cascade transistor M 2 is used to suppress the parasitic influence of the Miller capacitance of M 1 and to increase the reverse isolation. We know that in receivers the next block to the LNA is a mixer; as such we should add a capacitor at the drain of M 2 as the mixer loading effect. In [6] the loading capacitance effect of a typical mixer for a wide range of frequencies in 0.18 µm technology has been extensively studied and the results have been plotted. Considering the LNA target features and the results presented in [6] , we choose 0.093 pF as a suitable value for the loading capacitor.
The inductor L multi should resonate with the total capacitance at the drain of M 2 at 5 GHz and 10 GHz. C total = C db2 + C gd2 + C L + C pl , where C db2 is the drain bulk capacitance and C gd2 is the gate drain capacitance of M 2 . Also, C L is the mixer loading effect and C pl is the parasitic capacitance of the inductor. So L multi is obtained to be 5 nH for UNII band and 1.3 nH for Int'l frequency band. Consequently, the spiral inductor is designed as a multi-tap inductor for the maximum value of 5 nH. The inductor to be implemented contains 4.5 turns, and occupies the area of 60 × 60 µm 2 .
As we do not need to employ an image reject filter after the LNA, it is not necessary to match the output to 50 Ω. Therefore in order to increase the LNA gain, we put a 200 ohm resistor at the drain of M 2 . For flexibility of the design, the inductor L g is placed in series with the gate, and the capacitor C par is added in parallel with the gate-source of the amplifying transistor. We can find C par from the lower cut off frequency: ω L ∼ 1/R(C par + C gs ), where C gs is the gate source capacitance of M 1 . Also we can obtain C p and L p from the cut off frequencies: C p ∼ 1/50 ω U , where f U is 10.32 GHz and L p ∼ 1/50 ω L where f L is 5.25 GHz. The spiral inductors L g and L p , are implemented as 1.5 turn on-chip spiral inductor, which occupies the area of 60 × 60 µm 2 . We employ the MIM model for its good linearity and small parasitic resistance for C p and for all other ones. The inductor L s adjusts the input impedance of the LNA, g m L s /(C par + C gs ) = 50. This inductor is formed by a bond wire and it has a value of 0.82 nH.
Simulation Results
The LNA designed in 0.18 µm CMOS process, was simulated using Hspice simulator. The results obtained for the insertion loss was −7 dB at 5 GHz and −16.5 dB at 10 GHz. Fig. 3 plots the results for the gain and noise figures (NF ). Dashed lines show the results in 10 GHz and solid lines are the results in 5 GHz. The right axis shows the NF in dB and the left axis shows voltage gain in dB. We see that the gain is 16.1 dB and 15.7 dB at 5 GHz and 10 GHz, respectively. Additionally, the results for the noise figure are 3.6 dB at 5 GHz, and 7.6 dB at 10 GHz. The IIP 3 is also 1.8 dBm and 1.1 dBm at 5 GHz and 10 GHz, respectively. Moreover, the LNA dissipates 14.4 mW when using a 1.8 V supply voltage. 
Conclusions
A highly integrated dual-band low noise amplifier with high gain for IEEE 802.16a has been proposed. The two frequency bands, called un-licensed band UNII 5 GHz and licensed band Int'l 10 GHz, were the target frequency bands. We have developed a wideband input matching LNA with adjustable load. This work has extended the well-known single-frequency reactive matching circuit used in low noise tuned amplifiers to wideband matching based on an LC ladder filter. The circuit configuration is suitable for area-efficient dual-band receivers.
